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Abstract. Successional dynamics in plant community assembly may result from both
deterministic and stochastic ecological processes. The relative importance of different ecologi-
cal processes is expected to vary over the successional sequence, between different plant func-
tional groups, and with the disturbance levels and land-use management regimes of the
successional systems. We evaluate the relative importance of stochastic and deterministic pro-
cesses in bryophyte and vascular plant community assembly after fire in grazed and ungrazed
anthropogenic coastal heathlands in Northern Europe. A replicated series of post-fire succes-
sions (n = 12) were initiated under grazed and ungrazed conditions, and vegetation data were
recorded in permanent plots over 13 years. We used redundancy analysis (RDA) to test for
deterministic successional patterns in species composition repeated across the replicate succes-
sional series and analyses of co-occurrence to evaluate to what extent species respond syn-
chronously along the successional gradient. Change in species co-occurrences over succession
indicates stochastic successional dynamics at the species level (i.e., species equivalence),
whereas constancy in co-occurrence indicates deterministic dynamics (successional niche dif-
ferentiation). The RDA shows high and deterministic vascular plant community compositional
change, especially early in succession. Co-occurrence analyses indicate stochastic species-level
dynamics the first two years, which then give way to more deterministic replacements. Grazed
and ungrazed successions are similar, but the early stage stochasticity is higher in ungrazed
areas. Bryophyte communities in ungrazed successions resemble vascular plant communities.
In contrast, bryophytes in grazed successions showed consistently high stochasticity and low
determinism in both community composition and species co-occurrence. In conclusion,
stochastic and individualistic species responses early in succession give way to more niche-dri-
ven dynamics in later successional stages. Grazing reduces predictability in both successional
trends and species-level dynamics, especially in plant functional groups that are not well
adapted to disturbance.
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INTRODUCTION
Ecological succession is an important process in natu-
ral as well as anthropogenic landscapes (Drake 1990,
Glenn-Levin et al. 1992, Pickett and Cadenasso 2005,
Hobbs et al. 2007, Pickett et al. 2008). Local community
species assembly during succession may be driven by
deterministic or stochastic processes (e.g., Kreyling et al.
2011, Helsen et al. 2013, Hidding et al. 2013, Raevel
et al. 2013, Bhaskar et al. 2014), or by a combination of
both (e.g., Gravel et al. 2006, Adler et al. 2007). The rela-
tive importance and temporal dynamics of these different
processes over succession and in different systems, as well
as what drives this variation, is not well understood
(Chase 2010, Chase and Myers 2011, Zhou et al. 2014).
This conundrum has its roots in the early work on ecolog-
ical succession where Clements (1916) describes succes-
sion as a largely deterministic process of predictable
species, niche, and vegetation replacements, whereas
Gleason (1926) and Eliot (2007) focus more on succession
as an outcome of stochastic processes and individualistic
responses of species to their environment. The neutral
paradigm (e.g., Hubbell 2001, Chu et al. 2007, Zhou
et al. 2014) adds another dimension to the stochastic per-
spective by illustrating how many of the patterns that we
observe in nature, including succession, may emerge not
only under high stochasticity but also in the absence of
any differences among species in their responses to the
environment or to each other (demographic equivalence).
These three viewpoints or paradigms make different
predictions for community composition and species co-
occurrence patterns over succession. If deterministic
processes dominate (Clementsian model), we expect
predictable species turnover as the system proceeds
through succession with characteristic species composition
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emerging in different points in time (successional stages).
A corollary is that the changes in community composition
should be repeatable across different successions within
the same general system (e.g., across different glacier fore-
lands in the same region). Further, we can expect that the
co-occurrence of species will be relatively stable, as species
with similar ecological requirements will respond to the
successional gradients in largely similar ways. If stochastic
processes dominate (Gleasonian model), we can still have
high species turnover over successional time that could be
more or less repeatable across “replicate” successions
based on priority effects and on how individual species’
niche requirements are fulfilled in different successional
stages, but we would generally expect larger changes in
species’ co-occurrence patterns between systems and over
succession, as species react individualistically and may
enter and be excluded from the community at different
times, depending on an interplay between their niche
requirements and chance events such as dispersal. The
fastest change in both composition and co-occurrence is
expected early in succession, when the community is not
saturated. A neutral system, with species equivalence
(Hubbellian model), such that species’ responses are dri-
ven by colonization-extinction dynamics and interactions
rather than niche differences, can result in non-random
species associations during succession (e.g., Ulrich et al.
2016), but we would generally expect low repeatability of
both the specific community composition and of species
co-occurrence patterns, both over successional time and
between replicate successions.
Fire-prone ecosystems have repeatedly been used as
model systems for testing ecological theory (Vitousek
2004, Bond and Keeley 2005, Mori 2011); in particular,
the coastal heathlands of Western Europe is a classic
system for studying successional processes (Watt
1947, Gimingham 1972, Miles 1979, Aerts and Heil
1993, Webb 1998). Heathland succession after fire is tra-
ditionally described by means of a Clementsian model,
as a deterministic pathway based on structural change
and species replacements from a “pioneer phase” after
burning, through “building,” “mature,” and “degenerate”
phases (Watt 1947, 1955, Gimingham 1972). Succes-
sional trajectories in these systems vary, depending on
climate, local environmental conditions, management
history, and in particular grazing levels (Hobbs and
Gimingham 1984, Vandvik et al. 2005, Velle and Vand-
vik 2014, Velle et al. 2014). It is still unclear, however, to
what extent the post-fire successions themselves, and in
particular the temporal and spatial variation in succes-
sional patterns, is driven by stochastic or deterministic
processes.
Grazing is of particular interest in the context of
European coastal heathland ecology, as this ecosystem
was created and maintained by humans over the past
5,000 years specifically to create grazing grounds for
domestic herbivores, notably sheep and cattle (e.g., Gim-
ingham 1972, Hobbs and Gimingham 1987, Webb 1998,
reviewed in Vandvik et al. 2005).
Traditional heathland management thus involves the
interplay of two kinds of disturbances; sporadic or rota-
tional burning (a “pulse effect” that resets the ecosystem
and starts successional dynamics) in combination with
livestock grazing (a “press effect” that may deflect or
modify successional dynamics). This has relevance for
the level of determinism and stochasticity in heathlands
successions. Grazing may act as a stochastic disturbance
factor that slows down and adds stochasticity to succes-
sion without affecting the successional trajectory per se
(Connell and Slatyer 1977, Hobbs 1996, Veblen and
Young 2010). Grazing may also lead to alternative suc-
cessional trajectories (Vandvik et al. 2005, Hidding et al.
2013), and as outlined above, this may result both from
stochastic and from deterministic processes.
From an applied point of view, studies of the role of
fire and grazing in affecting the biodiversity, ecology,
ecosystem functioning, ecosystem service delivery, and
evolutionary processes within heathland ecosystems
feeds into the current debate on heathland and more
generally upland and coastal ecosystem management in
Europe (Davies et al. 2016), as well as related debates
globally. Understanding successional processes can
enable us to address and suggest mitigation measures for
ecosystem change and degradation, and the study of
ecological succession is therefore more relevant than ever
(Foley et al. 2005).
Here, we examine patterns in community composition
and species co-occurrence change over succession after
management fires in coastal heathlands under different
grazing regimes. We study vascular plant and bryophyte
communities as the latter constitute a large fraction of
the plant species pool and biomass in humid northern
systems (Klanderud et al. 2015, Mateo et al. 2016), rep-
resent a physiological contrast to vascular plants and,
therefore, are assumed to respond differently to environ-
mental change (Grime et al. 1990, Proctor 1990), and
are generally less well-studied in the successional litera-
ture (but see Clement and Touffet 1990, Maltby et al.
1990, Lee et al. 2013, Saure et al. 2014).
This study aims to assess empirically the role of
stochastic vs. deterministic processes structuring bryo-
phyte and vascular plant communities over post-fire suc-
cession in grazed and ungrazed seminatural heathlands.
We use multivariate ordinations to assess the determinism
in community assembly, which we measure as the pre-
dictability of species composition across replicate succes-
sions sequences in the landscape. We use co-occurrence
analysis to assess to what extent species’ entry and exclu-
sion from the communities are driven by their niche
requirements (resulting in stable patterns of co-occur-
rence), vs. chance events, such as dispersal and random
extinction, which will result in species entering and leaving
communities independently of each other, both over time
and across replicate successions (resulting in unstable pat-
terns of co-occurrence). Based on the literature reviewed
above we predict large community turnover but also high
stochasticity in species co-occurrence immediately after
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fire due to the combined effect of strong selective
pressures and unsaturated communities, and lower com-
munity turnover and more deterministic co-occurrences
later in succession as selective pressures decrease and
communities saturate. We predict that grazing will deflect
succession and result in predictable changes in community
composition, due to species niche responses to grazing,
but also that grazed systems will have higher change in
species co-occurrences due to more pronounced stochas-
ticity in grazed than in ungrazed vegetation. Finally, we
predict that bryophytes, which are less adapted to grazing
than vascular plants, will respond more strongly in terms
of increased stochasticity in both community assembly
and species co-occurrences in grazed systems relative to
vascular plants.
METHODS
Study system and area
The coastal heathlands of northwestern Europe devel-
oped over the past 5,000 years by humans using fire to
create year-round grazing pastures for free-ranging
sheep and livestock (reviewed in Vandvik et al. 2014).
They have since been maintained by domestic and wild
ungulates, burning, turf-cutting, and/or heather and
bracken harvesting (Gimingham 1972, Webb 1998).
Over the past 50 years, traditional management has
gradually declined, resulting in reforestation and heath-
lands are now classified as greatly endangered (EC Habi-
tats Directive 92/43/EEC, Fremstad and Moen 2001,
Lindgaard and Henriksen 2011).
Traditionally managed landscapes, such as heathlands,
are useful experimental systems for ecology in that they
provide opportunities for large-scale manipulations of
successional trajectories (Young et al. 2001). The rela-
tively short time scales in heathland successions (decadal
scales) allow temporal successional studies, which can
complement the chronosequence studies that dominate
successional literature. This is important given the chal-
lenges associated with space-for-time substitutions in
ecological research (Johnson and Miyanishi 2008).
Our study site is located at the island of Lurekalven
(60°420 N, 5°50 E), situated in a fjord approximately
20 km inland from the Norwegian west coast. The cli-
mate is oceanic with January and July mean tempera-
tures of 2°C and 12°C, respectively, a long growing
season (~220 d above 5°C), and abundant precipitation
(1,600 mm/yr.; data available online).5 The area has Pre-
Cambrian bedrocks and soil pH ranges from 4.3 to 5.3
(Aarrestad and Vandvik 2000, www.ngu.no). The island
is primarily covered by relatively species poor Calluna
heath, with mires and Salix shrubs in the wetter parts
and mixed grass-heaths on more nutrient-rich soils.
Topography is a major source of local environmental
variability; dry heath occurs on shallow soils on ridges
or in south-facing slopes, whereas moist heath occurs on
deeper soils in north-facing slopes or in convex, poorly
drained areas. The island is grazed year round by sheep;
with an overall grazing pressure of ~1 sheepha1yr1
(The Heathland Center at Lygra).
Experimental design and vegetation sampling
To create a no-grazing treatment, one part of the
island was fenced off in 1993. Sheep of the Old Norse
breed was restricted to one side (stocking density; ~1
sheepha1yr1). On each side of the fence, six experi-
mental blocks (~100 m2 each), were placed in mature to
degenerate phase Calluna heath (Gimingham 1972), to
sample the range of heathland habitats (dry, intermedi-
ate, and moist heath; two replicate blocks in each habi-
tat 9 grazing regime). Within each block, five 1-m2
plots were placed in random positions and permanently
marked with metal tubes. For all bryophyte and vascular
plant species, frequency of occurrence (0–16) was
recorded in 16 contiguous 0.25 9 0.25 m subplots and
the percentage cover was visually estimated for the whole
plot. The baseline survey was conducted in July/August
1993, and all 12 blocks were burned in April 1994. The
plots were re-analysed in July/August each year between
1994 and 1998, and then again in 2003 and 2005 (when
the vegetation reached the mature phase sensu Giming-
ham 1972), constituting seven sample years over the 13-
year study period. Species that were difficult to separate
consistently in the field (particularly difficult bryophyte
taxa) were amalgamated at higher taxonomic levels. Spe-
cies nomenclature follows the Norwegian Biodiversity
Information Centre (available online).6 For information
on species occurrences and taxonomy, see Appendix S1.
Data analyses
To visualize abundance and biomass build-up over
time in the grazed and ungrazed successions, we plotted
the sum of covers over time for five functional plant
groups; trees and shrubs, dwarf-shrubs, forbs and ferns,
graminoids, and bryophytes. For all subsequent analyses,
the species composition was analysed in the full data set
and split into separate data sets for bryophytes and vas-
cular plants, and for the grazed and ungrazed area, as
necessary to address specific research questions and pre-
dictions.
To assess the predictability of the trends in species com-
position across the 12 replicate post-fire successions, we
used redundancy analysis (RDA; ter Braak 1986). Inde-
pendent variables used were the interactive effects of
factors representing grazing and time (grazing 9 year).
The dependent variables were species cover, which were
log-transformed (log[x + 1]) before analysis. Preliminary
ordinations enabled an evaluation of the experimental
setup; there was no significant overall differences between
5www.met.no/en 6www.biodiversity.no
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grazed and ungrazed areas before the experiment was ini-
tiated in 1994 (1993 census, P = 0.318), indicating that
the sampling regime was successful in selecting the same
range of heathland habitats under the two grazing treat-
ments (see Vandvik et al. [2005] for further details).
To quantify changes in species’ co-occurrence over
time, we followed the approach of Kapfer et al. (2013)
using the plot-level presence/absence data. For each spe-
cies and census, we counted the number of plots in which
that species co-occurred with each of the other species in
the data set, and standardized this value by dividing with
the total number of plots the target species occurred in at
this particular census. The standardized co-occurrences
with other species were then averaged to yield one average
co-occurrence value for each species. This analysis was
conducted separately for each year of study resulting in
one co-occurrence value for each individual species and
year. To obtain an estimate of the change in co-occur-
rence, the value of the older inventory (year n) was sub-
tracted from the value calculated for the more recent
inventory (year n + 1, or n + x). The resulting negative
(positive) value in species co-occurrence change indicates
that species co-occur less (more) often in the more recent
inventory compared to the older one. For each plot, we
calculated the average absolute value of change in species
co-occurrence across all species to get an indication of the
overall stability (or change) in co-occurrence: The greater
the absolute change in species co-occurrence, the less
stable the assemblages are between the years of compari-
son. In other words, high change values (low stability)
indicate that the community is re-assembling with each
species behaving individualistically between the years of
comparison, whereas low change values (high stability)
indicate that plant communities are relatively stable, with
species shifts happening more or less in concert. Because
we cannot know exactly how much of the observed spe-
cies co-occurrence change between years is due to change
occurring by chance (e.g., random movement of species
within communities), we estimated a so-called “expected”
change. For this purpose, we created a null model by ran-
domizing all samples, with their observed species compo-
sition, between years of comparison. After all plots were
re-assigned randomly across the various treatments and
years of comparison, the new (randomized) data set was
analysed in the same way as for the original (un-rando-
mized) data set to generate “expected change.” We ran
999 permutations of this null model and P-values were
then calculated counting the number of times the
observed change was greater than or equal to the expected
change. Finally, observed changes were standardized by
subtracting the expected changes from the observed, and
dividing this value by the standard deviation.
To test to what extent variation in species richness
between treatments or across the successional series
affected the outcome of the co-occurrence analyses we ran
sensitivity analyses. To do this we made 1,000 randomized
data sets by randomly selecting plots from the total pool
of plots (over all times and treatments). The number of
plots selected corresponds to the number of plots used in
the analyses above (i.e., for the two time periods com-
pared). Each of these data sets was treated as the observed
data set. Selecting 1,000 randomized data sets as the
observed data set gave a variation in the different richness
estimates (i.e., total richness in the initial sample, total
richness in the resample, average plot richness in both the
original and the resample) similar to the variation
observed along the gradients studied (Appendix S2). We
subsequently performed the same analysis randomizing
procedures on these new observed data sets as for the real
observed data set (see detailed description above). Despite
the high number of data points (1,000 from the permuta-
tions), we generally found a non-significant relationship
between the number of species and the co-occurrence met-
ric, and the variance that was explained by species richness
was generally low. We therefore conclude that the co-
occurrence analyses shown here are not sensitive to varia-
tion in species richness (for more details, see Appendix S2).
All statistical analyses were run in R, version 3.1.0 (R
Core Team 2014) using the package vegan (Oksanen
et al. 2013) for the ordination analyses.
RESULTS
The above ground vegetation cover decreases dramati-
cally after fire, and recovers gradually over the following
13 years, with clear differences between functional groups
and grazing regimes (Fig. 1; Appendix S3). Graminoids
increase after fire and reach peak cover after 4 years,
whereas forb cover is relatively unaffected. In contrast,
dwarf shrubs and bryophytes, which dominate the pre-
burn vegetation, are reduced by more than 90% after fire,
and recover slowly to regain dominance with mean covers
close to the pre-burn vegetation after nine years.
Repeatable community changes
There are clear and parallel post-fire successional
trends in vascular plant species composition across the
replicate fire blocks in both grazed and ungrazed heath
(largely reflected along RDA axis 1, 5.26% variance,
Fig. 2a). The overall community change is higher in the
first two years after fire, when there is also a change in
the direction of succession. There are also clear differ-
ences between grazed and ungrazed successions, both in
species composition (reflected as an offset along RDA
axis 2, 2.67% variance, Fig. 2a), and in successional
dynamics, as the ungrazed successions start to revert
back toward the pre-fire community composition after
~5 years, whereas the grazed successions do not.
In the bryophyte communities, clear parallel succes-
sional dynamics across the replicate successions are only
evident in the ungrazed heaths, where community com-
position changes dramatically in the first year after fire,
and then changes more slowly and gradually reverts
back toward the pre-fire community composition (RDA
axis 1; 5.41% variance, axis 2; 2.71% variance, Fig. 2b).
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In contrast, there does not seem to be any overall trend
in the species composition over 13 years after fire across
the grazed bryophyte communities. In addition to these
striking differences in successional dynamics, grazed and
ungrazed successions also differ in terms of bryophyte
community composition, especially in late-successional
stages (Fig. 2b).
Synchrony in species responses
We detected large and significant year-to-year changes
in vascular plant species co-occurrences over the first two
years after fire, followed by a decrease in change rates in
later-successional stages (year-to-year change in co-
occurrence is not significant from 1997 and onward,
Fig. 3a). This pattern is stronger in the ungrazed
successions. When we compare each sampled year of the
post-fire succession to the pre-fire vegetation state
(Fig. 3b), we find that the significant changes in vascular
plant species co-occurrences is retained throughout the
13 years of succession, but with maximum change rela-
tive to the pre-fire condition in the middle of the succes-
sion. As in the year-to-year analyses, changes are more
marked in the ungrazed vegetation (in grazed vegetation,
it is significant only in 1997 and 2003). The total vascular
FIG. 1. Total mean cover of the five main functional groups
of plants found in the heathlands of Western Norway before
burning (1993) and over the course of the post-fire succession
(up to 2005) in (a) ungrazed and (b) grazed vegetation.
FIG. 2. Redundancy analysis (RDA) ordination plot of spe-
cies frequency data for the (a) vascular plant and (b) bryophyte
communities during the post-fire successions at Lygra, Western
Norway. Solid and open circles indicate centroids of all grazed
and ungrazed plots, respectively, for each of the seven sampled
years of the 13-years post-fire study. Species frequency data
were log transformed before analysis. Solid lines show single-
year transitions (1993–1997) and dashed lines multi-year transi-
tions (1997–2003/2003–2005).
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plant data set (grazed + ungrazed) has much larger
changes in co-occurrence throughout the succession than
either the grazed or the ungrazed (Fig. 3b), suggesting
that species assembling differently so that grazed and
ungrazed successional communities are becoming more
dissimilar with time.
For bryophytes the change in co-occurrence is consis-
tently high, especially in the grazed heaths, both from
year to year (Fig. 3a) and when comparing each year to
the pre-fire state (Fig. 3b). Changes in co-occurrence in
the total bryophyte community were of similar magnitude
to the change within the grazed or ungrazed areas
(Fig. 3b), suggesting that there is no increasing dissimilar-
ity in species’ co-occurrences between the grazed and
ungrazed bryophyte communities over time.
DISCUSSION
Changes in species co-occurrence patterns over succes-
sional time indicate that both deterministic and stochastic
processes play important roles in controlling the species
assembly and succession of the post-fire heathland
FIG. 3. Standardized net changes ([observed expected]/SD) in species co-occurrences (a) from each census to the next and (b)
relative to the pre-fire census for vascular plants and bryophytes over a post-fire succession in coastal heathlands in Western Nor-
way. For each grazing treatment and census, large symbols signify significant change in co-occurrence and small symbols non-sig-
nificant change.
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community, but their relative importance varies over time,
between plant functional groups, and also in response to
other management practices, as in this case livestock graz-
ing: Immediately after fire, we see large community turn-
over but also high stochasticity in species co-occurrence
due to the combined effects of strong selective pressures
and unsaturated communities, and lower community turn-
over and more deterministic co-occurrences later in suc-
cession as selective pressures decrease and communities
saturate. Grazing deflects succession and results in
predictable changes in community composition, due to
species niche responses to grazing, and grazed systems
show greater change in species co-occurrences and more
pronounced stochasticity in grazed than in ungrazed vege-
tation. Bryophytes, which are less adapted to grazing than
vascular plants, show higher stochasticity in both commu-
nity assembly and species co-occurrences in grazed
systems in comparison to the vascular plants.
High community turnover and high stochasticity in species
co-occurrences right after fire
In the first growing season after the heathland burning
and the following year (1994 and 1995), all species are
impacted severely by the massive disturbance event. The
environment changes from a typically homogenous
mature Calluna-dominated stand to a heterogeneous
microsite mosaic. The newly burned areas are colonized
by species dispersing in from the surrounding areas or
that have survived the fire in the propagule bank, or that
re-sprout from roots or surviving plants. As indicated by
the low stability of co-occurrences between 1994 and
1995 (Fig. 3a), random processes largely determine
which specific species, especially for the vascular plants,
and in which specific order they colonize the different
burns. The ordination analyses (Fig. 2) indicate that
there are also repeatable, across replicate sites, changes
in species composition, suggesting that deterministic
species sorting processes also operate on the total species
pool at this stage.
Later in succession, the overall community change rates
across successions decline, but the underlying processes driving
the changes are more deterministic, as indicated by the decreas-
ing co-occurrence change rates. Thus, the ordination and co-
occurrence analyses combined indicate that the drivers of
community compositional change over succession shifts from
largely stochastic processes early in succession toward more
deterministic processes as the communities saturate over time
(see Fig. 3). This concurs with the findings of several recent
studies (e.g., Kahmen et al. 2002, Gravel et al. 2006, Adler
et al. 2007, Chu et al. 2007, Harpole and Tilman 2007,
Zaplata et al. 2013), revealing that both high and more grad-
ual species turnover mayoperate within vascular plant commu-
nities, driving community dynamics and structuring species
assemblages. In early succession, we see relatively large change
rates, indicating species sorting and new constellations of spe-
cies. Later, we see much lower change in co-occurrence (and
low turnover), and we have stable communities over years. For
the bryophytes, we see a very different picture (see Fig. 3). In
the grazed vegetation, we see low species turnover and at the
same time high co-occurrence change rates. This is compatible
with a system where neutral dynamics and stochastic processes
dominate. There is no indication of this changing throughout
the succession, even if vegetation cover regains its stature. In
contrast, in the ungrazed vegetation bryophytes behave very
differently. Here, greater predictability in community composi-
tion change across the replicate burns and simultaneously high
change in co-occurrence rates early on, which peak and there-
after decline later in succession, suggests successional commu-
nity change is driven primarily by stochastic processes early in
succession and by deterministic niche-based species sorting in
later successional stages, similar to what we found in the vascu-
lar plant community. Such sorting processes can be direct, dri-
ven by environmental factors (Zaplata et al. 2013); and
indirect, driven by species interactions (Olsen et al. 2016). As
we do not have environmental data for every sample and year
(due to economic constraints), we cannot formally attribute
these deterministic changes to specific environmental factors.
The most robust way of attributing species and community
responses to specific direct or indirect drivers is throughmanip-
ulative experiments (e.g., Olsen et al. 2016), but observational
methods such as gradient studies or “space-for time”
approaches are also possible (Zaplata et al. 2013, Klanderud
et al. 2015, Ulrich et al. 2016).
Stochastic processes are more pronounced in grazed than
in ungrazed successions
Herbivory is a major driver of vegetation dynamics
and a critical component of land-use impacts worldwide
(Asner et al. 2004). The heathland literature debates the
role of grazing as a factor that delays or deflects succes-
sion (see Vandvik et al. 2005), and its impacts has conse-
quences for heathland management, particularly in
regions with rare or threatened species. We find that the
vegetation rearranges faster and the processes are more
deterministic in ungrazed sites, while slower and more
chaotic/stochastic in grazed sites. For vascular plants, we
find deterministic turnover both within and between
grazing regimes, showing that grazing deflects succession.
However, the grazed sites are still more influenced by
chance events, illustrated by the high co-occurrence
change rates here, due to disturbance caused by the graz-
ers (destroying vegetation by grazing, browsing, and
trampling, creating new microhabitats for species, and
soil erosion), causing randomness. In contrast, in the
ungrazed sites, the re-arrangement of species is more pre-
dictable, resulting in more or less the same species com-
position as before the fire, and in congruence with Azeria
et al. (2011) that found non-random species co-occur-
rences to correspond to some fundamental ecological
mechanisms that act during succession (e.g., inhibitive or
competitive interactions), or to specific management
regimes (e.g., livestock grazing systems). In our case, the
ungrazed heathlands are driven by high species turnover,
mainly as a result of competition during the post-fire
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succession where the relatively rapid regeneration of the
Calluna canopy shades out photophilous species. We also
see more re-shuffling (higher change rates) in the
ungrazed vascular plant vegetation. Grazed heathlands,
on the other hand, are more influenced by stochastic pro-
cesses (low change rates), most likely driven by impacts
of the grazing livestock, where sheep trampling and her-
bivory may create more heterogeneous micro-site condi-
tions in the vegetation development. For bryophytes,
grazing represents a stochastic factor that efficiently
negates all species sorting, and we do not see the semi-
stable system here, not even in the ungrazed vegetation.
The hump in co-occurrence change between 1994 and
1995 (see Fig. 3) shows the stochastic aspect, and here
the environmental heterogeneity is at its largest. Grazing
is, therefore, an important structuring factor in the post-
fire succession, partly determining which species estab-
lish, and later, become dominants.
Stochastic processes are more important for bryophyte
than for vascular plant communities
For vascular plants, we see the largest change in co-
occurrence over the first two years of the succession, with
largest change in the ungrazed vegetation, possibly
explained by stronger competition between plants in the
ungrazed early post-fire vegetation, and after three years
we still see a legacy effect of high species turnover. For
the bryophytes we lack this initial sorting of neighbors,
probably due to the high environmental heterogeneity in
post-fire micro-site conditions and its implications for
bryophyte growth and recovery. Bryophytes, in particular,
are conducive to changes in micro-site conditions, and
more so than vascular plants (Herben 1987). Fire con-
sumes biomass unequally during management burns, cre-
ating heterogeneity in the post-fire heath with pockets of
unburned heath, exposed soil, and patches of partially
burned bryophyte cover (Vandvik et al. 2005, Maren and
Vandvik 2009). Consequently, bryophytes in these patches
are likely to re-colonize the nearby burned areas, with lit-
tle, if any, change to species composition. In wetter heath-
lands, bryophyte growth may be more extensive as
vascular plant re-colonization here is slow, as nicely illus-
trated by Letten et al. (2014) who found fire to prevent
the competitive exclusion of early successional species by
late successional ones in an Australian heathland.
In the ungrazed sites, the species composition clearly
changes over the post-fire succession, reflecting species
with less affinity to light (“forest species”), e.g., Hylo-
comium splendens, Pleurozium schreberi, and Rhytidiadel-
phus loreus (Appendix S4), caused by closure of the
Calluna canopy. Grazed sites are characterized by the
fire mosses Ceratodon purpureus and Leptodontium flexi-
folium and species of the genera Pohlia and Bryum, and
the liverwort genera Calypogeia, Jungermannia, and Sca-
pania. These bryophytes are favored by a slower closing
of the vegetation canopy, caused by livestock grazing
and browsing (grazers that prefer to graze within newly
burned sites), and by the creation of new microhabitats
by trampling and soil disturbance/erosion by the same
grazers.
CONCLUSIONS
We observed change in community assembly processes
over successional time, where variation was dependent
on grazing regime and plant functional group; chance
and individualistic species responses early in succession
gave way to more niche-driven dynamics in later succes-
sional stages. Grazing reduced predictability in both suc-
cessional trends and species-level dynamics, especially
for bryophytes. We see imprints of all the three succes-
sional paradigms considered here. The vascular plant
community showed highly deterministic community
compositional change early in succession that later stabi-
lized. Co-occurrence patterns point to largely stochastic
species-level dynamics early on, which give way to more
deterministic species replacements after the first few
years. Grazed and ungrazed successions were similar,
but the early stage stochasticity was higher in ungrazed
areas. Bryophyte communities in ungrazed successions
resembled vascular plant communities. In contrast,
bryophytes in grazed successions showed consistently
high stochasticity and low determinism in both commu-
nity composition and species co-occurrence.
Anthropogenic systems present a dilemma for man-
agement, as disturbances are integral parts of the very
systems that we want to conserve, but simultaneously
they may facilitate unintended change, e.g., by instigat-
ing loss of habitat/species, or by opening up regeneration
niches for invasive species (Western 2001, Collins and
Smith 2006, Kremen and Miles 2012). Despite extensive
development of successional theory, few empirical stud-
ies have evaluated whether existing models are applicable
to anthropogenic landscapes (Bhaskar et al. 2014). To
quote Clements (1949), “In short, as an instrument for
the control of the entire range of human uses of vegeta-
tion and the land, succession is wholly unrivalled.” In
this sense, understanding successional dynamics is espe-
cially pertinent to sustainable land management and
future food production. Here, we have used anthro-
pogenic heathlands to explore assembly processes during
succession. Our results emphasize the need for a better
understanding of the complex assembly of ecological
communities during succession, where explaining the
processes affecting coexistence is at the heart of the
debate (Adler et al. 2007, Harpole and Tilman 2007).
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